The role of the hippocampus in social memory and behavior is under intense investigation. Oxytocin (Oxt) and vasopressin (Avp) are two neuropeptides with many central actions related to social cognition. Oxt-and Avp-expressing fibers are abundant in the hippocampus and receptors for both peptides are seen throughout the different subfields, suggesting that Oxt and Avp modulate hippocampal-dependent processes. In this review, we first focus on the anatomical sources of Oxt and Avp input to the hippocampus and consider the distribution of their corresponding receptors in different hippocampal subfields and neuronal populations. We next discuss the behavioral outcomes related to social memory seen with perturbation of hippocampal Oxt and Avp signaling. Finally, we review Oxt and Avp modulatory mechanisms in the hippocampus that may underlie the behavioral roles for both peptides. The involvement of the hippocampus in the neural circuitry underlying social memory is currently under intense investigation (for review,
| INTRODUCTION
Oxytocin (Oxt) and vasopressin (Avp) are two related neuropeptides produced largely in the hypothalamus. Both Oxt and Avp are released from paraventricular nucleus (PVN) and supraoptic nucleus (SON) magnocellular terminals located in the neurohypophysis. [1] [2] [3] Upon entering the systemic blood supply, they exert endocrine actions including induction of water retention, 4 uterine contraction 5 and milk ejection. 6 Furthermore, Avp released from terminals of parvocellular neurons of the PVN influences adrenocorticotropic hormone synthesis and release from the adenohypophysis and, thus, modulates corticosteroid hormone levels and stress response. 7 In addition to their endocrine actions, both Oxt and Avp are implicated in many central processes including learning and memory, [8] [9] [10] [11] anxiety, 9,10,12,13 addiction, 14, 15 nociception, 10, 11, 16, 17 feeding behavior 10, 18 and processing of social information (see below). Of these, understanding the mechanisms for Oxt and Avp in social information processing is of great interest given the potential translational opportunities for treatments in autism, anxiety disorders, borderline personality disorders and schizophrenia. 12, 13, 19, 20 To cover every aspect of Oxt and Avp in social information processing is beyond the scope of this review and, thus, the reader is referred to several related articles for more information. 9, 10, [21] [22] [23] [24] The aim of this review is to focus more narrowly on the roles of both peptides in the hippocampus.
Both Oxt and Avp have long been known to modulate learning, memory and neuronal activity in the hippocampus. Early evidence from de Wied illustrates that exogenous application of Avp produces a long-lasting restoration of an active avoidance behavior that is rapidly extinguished in control hypophysectomized rats. 25 Homozygous
Brattleboro rats-which lack Avp and exhibit congenital diabetes insipidus-are significantly worse compared to heterozygotes in acquiring and maintaining both active and passive avoidance behaviors, 26 suggesting an endogenous role for Avp in learning and memory. Intracerebroventricular injection of Oxt or Avp induces longterm attenuation or facilitation, respectively, of a passive avoidance behavior, 27 contributing to an initial hypothesis of opposing roles for
Oxt and Avp. Functionally, electrophysiological recordings in hippocampal slices confirm that both neuropeptides do influence neuronal excitability within the hippocampus. 28, 29 Investigations of Oxt-and Avp-dependent roles in social memory were expanded to the social memory domain first in rats 30 and later in mice. 31 The involvement of the hippocampus in the neural circuitry underlying social memory is currently under intense investigation (for review, see 32 ). As will be discussed, the hippocampus contains both Oxt-and Avp-expressing fibers and receptors, suggesting that the role of these 47 On the other hand, lesions to the amygdala result in an almost complete disappearance of Avp fibers in the ventral hippocampus of male rats and co-localization in the amygdala of granular blue-a retrograde tracing agent injected into the ventral hippocampus-with Avp provide convincing evidence of an amygdalohippocampal vasopressinergic input. 48 However, it is not clear if lesioning the amygdala 48 impacts dorsal Avp-expressing fibers, which do exist. 35, 41, 44, 49 More recent tracing studies have re-examined hypothalamohippocampal vasopressinergic inputs by employing fluorogold and green retrobead injections into the dorsal hippocampus of both rats 41 and mice. 44 The hippocampus receives input from the magnocellular neurons of the PVN in both species, as well as the SON of the rat. These fibers are Avp-positive and are present in all subfields of the hippocampus along the septotemporal axis, with the highest intensity seen in CA2. 41 Selective anterograde tracing of Avp projections using transgenic Avp promoter-driven expression of Cre recombinase in mice (Avp-Cre mice) confirm the presence of PVN-originating vasopressinergic input to the CA2 and immediately adjacent CA3 region of the dorsal hippocampus. 44, 49 Retrograde tracing from dorsal CA2 of Avp-Cre mice with injections of Cre-dependent HSV corroborate the finding of vasopressinergic input from the PVN to the hippocampus. 49 Taken together, these studies show that a hypothalamic source of Avp to the dorsal hippocampus exists in both rats and mice.
The lack of changes in Avp content seen following hypothalamic lesioning 46, 47 do not exclude this region as a source of Avp input to the hippocampus. The hippocampus receives considerably less Avp input relative to other targets of Avp fibers, 47 which narrows the window of detection for observing any lesion-induced changes in Avp content.
Since both hypothalamic 41, 44, 49 and extrahypothalamic 48 Taken together, these studies indicate that the hippocampus receives both oxytocinergic and vasopressinergic inputs from the PVN of the hypothalamus, as well as vasopressinergic input from the amygdala. However, the extent to which the PVN innervates the hippocampus and the possibility of other oxytocinergic and vasopressinergic inputs are not completely understood.
| OXYTOCIN AND VASOPRESSIN RECEPTOR DISTRIBUTIONS IN THE HIPPOCAMPUS
Avpr2). The Oxtr, Avpr1a and Avpr1b are all G q -coupled [52] [53] [54] whereas Avpr2 is G s -coupled. 55 Central actions of these receptors exert modulatory actions on neuronal activity and, apart from Avpr2, all are present in the hippocampus. 
| Oxytocin receptors within the hippocampus

| The hippocampus and social memory
Whereas it is well-established that the hippocampus is crucial for spatial navigation and episodic memory, its role in social behavior is only recently becoming more evident (for review, see 32 ). Extensive hippocampal lesions produce deficits in rodent social memory in some [83] [84] [85] but not all [86] [87] [88] studies. Lesion studies can be difficult to interpret due to their inherently non-selective nature. Moreover, distinct memory processes may occur at specific septotemporal locations of the hippocampus 89, 90 and complete lesions are unable to resolve such regionspecific roles. Recent research has focused on hippocampal subfieldspecific roles along the septotemporal axis in social behavior using a variety of selective targeting strategies.
Cortical information largely enters the hippocampus via the perforant pathway from the entorhinal cortex which forms synapses onto the DG, CA3 and CA2 regions. 91 Optogenetic inhibition of entorhinal inputs in the dorsal DG does not impact sociability but impairs social recognition in mice, 92 implicating the EC-DG synapse as an important component for social memory. However, another recent study shows that the deletion of the N-methyl-D-aspartate receptor (NMDAR) NR1
subunit from the DG granule cells-effectively eliminating NMDARdependent plasticity-does not produce deficits in social memory of male mice. 93 Thus, the DG's role in social memory remains unclear.
One potential explanation to account for these differing conclusions is the non-selective spread of illumination for optical inhibition. Based on the coordinates of fiber placement described in Leung et al, 92 it is conceivable that EC fibers traveling to the dorsal CA3 and CA2 regions may also be attenuated. Alternatively, the NR1 subunit in the DG may be dispensable to the plasticity mediating social information in this region. Further work is necessary to clarify the role of the DG in social memory.
The CA3 region receives excitatory input from the DG and EC. 94 Mossy fibers from the DG innervate the CA3 region and these fibers are largely confined within the transverse plane. 95 Unlike the DG, selective removal of the NMDAR NR1 subunit from the CA3 region impairs social recognition memory. Furthermore, chemogenetic silencing shows that the ventral CA3 is necessary for the encoding but not recall of social recognition memory whereas the dorsal CA3 is dispensable for both. 93 The dorsal CA2 region receives excitatory inputs from the DG, CA3 and entorhinal cortex 44, 96, 97 and is implicated in both social memory and aggression. 49, [98] [99] [100] [101] Outputs from the DG to CA2 exhibit a longitudinal spread along the septotemporal axis where the intermediate and dorsal regions of the DG can effectively innervate the entire septotemporal span of the CA2. 97 Several genes are uniquely expressed in the CA2, 102 including Avpr1b. 77 Because mice lacking Avpr1b display impaired social recognition and reduced aggression, 103, 104 this region was proposed to be important for influencing social behavior. 77 Indeed, excitotoxic lesions aimed at the CA2 region, 101 genetically-targeted chronic inhibition of the dorsal CA2 region, 98 and acute chemogenetic or optogenetic silencing of the dorsal CA2 region 99 all impair social memory in male mice. Acute manipulations of CA2 cell activity indicate that this area is critical for the encoding, consolidation, and recall phases of social memory. 99 Furthermore, replacement of Avpr1b expression in the CA2 region of male Avpr1b knockout mice restores aggressive behavior, 100 confirming that this brain region also contributes to social aggression as well.
The CA1 region is downstream from areas CA3 and CA2 and is also necessary for social memory. 93, 99, 105 Fibers from CA2 are predominant in the stratum oriens and form synapses onto the deep layer of CA1 pyramidal neurons 97 whereas CA3 axons are largely found in the stratum radiatum. 106 Impairments of social memory are seen with selective removal of the NMDAR NR1 subunit in the CA1 region. 93 Individual cells within the ventral CA1 are implicated in the storage of conspecific-related social memories. Optogenetic inhibition of ventral but not rostral dorsal CA1 cell bodies impairs the ability of male mice to recognize familiar conspecifics in both social discrimination and resident-intruder paradigms. 105 The ventral CA1 region receives input from the dorsal CA2 region 99, 105 and optical inhibition of terminals derived from the dorsal CA2/CA3 area in the caudal dorsal CA1 region reduces the social discrimination score of male subject mice compared to control animals. 58 However, modest levels of social discrimination persist with inhibition of dorsal CA2/CA3 inputs to caudal dorsal CA1, which the authors suggest may be due to insufficient illumination or incomplete inhibition. 58 Chemogenetic silencing of dorsal CA2 inputs to the ventral CA1 via local infusions of clozapine-n-oxide robustly impairs social memory, 99 further supporting a dorsal CA2 to ventral CA1 circuit underlying social memory. The CA1 also receives monosynaptic input from the EC, however, optical inhibition of this pathway in the ventral CA1 region does not impair social recognition, 92 suggesting information transfer from the CA2/CA3 region is more important for this task. Additionally, stimulation or inhibition of inputs from the basolateral amygdala to the ventral CA1 region of male mice bidirectionally influences social behavior. 107 Regarding outputs from the CA1 region in the context of social memory, optogenetic inhibition of ventral CA1 terminals forming synapses onto the nucleus accumbens impairs the storage of conspecific information. 105 Furthermore, dorsal CA2 neurons preferentially project to the same ventral CA1 region , 99 supporting a social memory circuit involving dorsal CA2-ventral CA1-nucleus accumbens. Overall, it appears that social information is processed in all subfields of the hippocampus, with the ventral CA3, dorsal CA2 and ventral CA1
regions being of critical importance to social memory. C57Bl/6J conspecifics. These deficits in social discrimination are apparent at about 30 minutes but object recognition is not altered.
| Oxytocin and vasopressin in social memory
Moreover, infusions of an Oxtr antagonist into the CA2/CA3 region of wild type mice prior to the discrimination trial impairs performance, suggesting Oxtr activity is necessary during the retrieval process. 58 Lin et al 57 employ a three-chamber social discrimination paradigm using group-housed mice and a juvenile conspecific stimulus. Expanding on previous work, 112 they find that Oxtr FB/FB mice do not differ from wild-type mice in discriminating between a novel (Novel 1 region of single-housed mice during first presentation of the social stimulus extends social recognition memory to at least 7 days and protects against social interference, 49 similar to Avp-induced enhancements seen in subcutaneously-treated rats. 30 The long-lasting enhancement is attributed to endogenous Avp acting on Avpr1b because local infusion of an Avpr1b-selective antagonist prior to the acquisition trial prevents long-term social recognition. 49 Furthermore, because Avpr1b is also implicated in aggression in male mice, 103, 104 the CA2 region may handle aggression-related information. Lesions to the hippocampus do reduce aggressive behavior in male rats, 84, 128 supporting a role for the hippocampus in aggression. Restoring
Avpr1b of knockout male animals in the dorsal CA2 using lentiviralmediated transduction significantly restores aggressive behavior, 100 indicating vasopressinergic dorsal CA2 signaling is important for aggression, in addition to social memory. enhancing excitatory drive onto inhibitory interneurons to increase their output, 132 or through a combination of direct and indirect changes in excitability of principal neurons and interneurons within a local circuit. 134 Moreover, the functional relationship between Oxt and Avp within a circuit may be opposing 135 or redundant 100 in nature.
| NEUROPHYSIOLOGICAL MECHANISMS OF OXYTOCIN AND VASOPRESSIN IN THE HIPPOCAMPUS
In the hippocampus, the underlying mechanisms of how Oxt and Avp influence the circuitry of different hippocampal regions are not fully-understood. As noted above, the hippocampus exhibits unique receptor distributions throughout its different regions and neuronal types. Here, we focus on the known modulatory actions that both peptides exert on hippocampal synaptic transmission. A summary of these findings is provided in Table 2 and a more detailed table is available in the supplementary information online. Furthermore, in addition to more immediate modulatory actions of Oxt and Avp, both peptides are implicated in hippocampal neurogenesis and regulation of perinatal neuronal excitability in the CA3 region. We also review these topics as both may be relevant to roles of Oxt and Avp in altering development of long-term hippocampal network structure and function and may contribute more broadly to altered social behavior.
| Modulation of hippocampal excitatory synaptic transmission and plasticity by oxytocin and vasopressin
In the DG granule cell layer of male rats, a long-lasting enhancement of excitatory input is seen with application of Avp whereas Oxt has no effect. Activating the Oxtr also augments excitatory input onto the CA2 region of both mice and rats with either stimulation of the stratum radiatum 100 or stratum lacunosum moleculare. 57 The CA2 region also expresses the Avpr1b 77 and pharmacological activation of this receptor likewise leads to enhancement of EPSCs that is absent in Avpr1b −/− mice. 100 The ability of both Oxtr and Avpr1b to augment
EPSCs indicates that some redundancy exists for both receptors to regulate the plasticity of CA2 synapses; however, whether such redundancy is behaviorally important remains unclear. The Oxtr/ In ex vivo slices prepared from male mice, both optical stimulation of PVN-derived Oxt-expressing fibers in the CA2 region and pharmacological activation of the Oxtr induce a robust membrane depolarization sufficient to drive burst-firing in CA2 neurons while synaptic transmission is blocked. This Oxtr-induced change in intrinsic excitability involves a combination of both phospholipase C-dependent inhibition of KCNQ channels, affecting the resting membrane potential, and phospholipase C-or protein kinase C-dependent changes in action potential shape. 51 Both mechanisms, working in concert with
Oxtr-dependent enhancement of GABAergic transmission in the CA2 region (see below), promote intense short bursts of CA2 principal cells that is expected to favor robust and precise transfer of social information to downstream CA1 targets. 99 The Oxtr-mediated enhancement of both CA2 intrinsic excitability 51 and excitatory input 57,100 illustrate the profound modulatory effect Oxt exerts on an important component of the social memory circuit.
In cell-attached recordings from rat CA1 principal neurons, activation of the Oxtr increases evoked spike probability (EPSP-spike coupling) with Schaffer fiber stimulation, 133 indicating Oxtr-dependent modulation enhances information transfer at this synapse. At the network level, field recordings with the recording electrode in the stratum radiatum indicate no changes in evoked synaptic input following
Oxtr activation, 141 consistent with Oxt-induced enhancement of EPSP-spike coupling being dependent on reduced phasic inhibition onto the soma of CA1 pyramidal neurons. 133 However, field recordings with the recording electrode in the CA1 stratum pyramidale show no significant change in evoked population spike amplitude in mice 154 while an increase is observed in rats. 133 The reason for these discrepancies remain unclear but may be due to different recording conditions or species differences that exist between the two studies.
Oxt does not alter LTP induction but does enhance long-lasting LTP (L-LTP) in the CA1 region in mice of either sex 139, 141 or male rats 140 and is seen in both the dorsal and ventral CA1 region. 139 Oxt is also capable of rescuing LTP induction in stressed rats. 138, 140 Mechanistically, the Oxt-induced enhancement of L-LTP requires translation but not transcription and is sensitive to inhibitors of phospholipase C, protein kinase Mζ, and the mammalian target of rapamycin protein kinase. 139 Application of Avp induces a long-lasting enhancement of excitatory drive onto the ventral CA1 region in male rats. 146 Avp also augments the excitability of a significant portion (81-88%) of rat CA1 pyramidal neurons. 29, [143] [144] [145] [146] This enhancement is sensitive to changes in extracellular Ca 
| Modulation of hippocampal inhibitory synaptic transmission and plasticity by oxytocin and vasopressin
Early functional reports in the hippocampus suggest that both Oxt and Avp indirectly reduce the excitability of some but not all hippocampal pyramidal neurons via excitation of inhibitory interneurons. 28 Indeed, several subsequent studies have supported these findings and indicate that both peptides increase GABAergic transmission in the hippocampus of both mice and rats (see below).
In the DG of slices prepared from rats, activation of the Oxtr augments both the frequency and amplitude of spontaneous but not min- Interneurons in CA2/CA3 that are responsive to Oxt might be expected to be largely located in the striatum pyramidale, as seen in the CA1 region, 133, 147 since Oxt does not influence the excitability of CA3 interneurons of the stratum lacunosum moleculare or stratum radiatum. 50 Application of a selective Oxtr agonist suppresses evoked
IPSCs onto CA2 neurons in mice where the Oxtr has been selectively removed from excitatory neurons, 57 indicating interneuron Oxtrs are activated. Accordingly, Oxtr activation augments both the sIPSC frequency and amplitude in the CA2 region. 51 The Oxtr-induced increase in CA2 GABAergic transmission is important for constraining Oxtrdependent burst duration and intensity of CA2 pyramidal neurons. 51 With respect to Avp, only GABAergic transmission in the CA3 region of the perinatal rat brain has been studied. At this stage of development, Avp enhances GABA release onto pyramidal cells via enhancing excitability of Avpr1a-expressing interneurons of the stratum lacunosum moleculare and stratum radiatum. 80 In area CA1, Oxt-responsive interneurons are fast-but not regular-spiking. These CA1 interneurons are largely embedded in the stratum pyramidale, whereas few interneurons in stratum oriens and no interneurons in stratum radiatum respond to Oxtr activation. 133, 147 The increase in frequency of sIPSCs but not mIPSCs indicates that presynaptic activation of Oxtr occurs on GABAergic interneurons upstream of action potential generation. Accordingly, Oxt induces CA1 interneuron depolarization in a manner that requires G protein signaling and activation of a non-selective cation channel. 133 Notably, the underlying ionic mechanisms accounting for Oxtr-induced changes in interneuron excitability may differ between CA1 and CA2 areas. 51, 133 Elevated spontaneous activity likely accounts for Oxtinduced reductions in evoked IPSCs as inhibitory transmission undergoes use-dependent depression that rapidly depletes the readily releasable vesicle pool. 155 As a result, Oxtr activation leads to a suppression of feed-forward inhibition upon Schaffer fiber stimulation without altering evoked EPSCs, thus shifting the excitation/inhibition balance to favor more reliable spike-propagation and increasing the signal to noise ratio. 133 Avp also enhances GABAergic transmission in the CA1 region, however, it may be possible that Avp-and Oxt-responsive interneurons represent different GABAergic populations. Whereas CA1 stratum radiatum interneurons do not respond to Oxt, 147 these interneurons are responsive to Avp. 145 Recordings from CA1 principal neurons show that Avp increases the frequency but not amplitude of sIPSCs and is without effect on mIPSCs, indicating a presynaptic mechanism of action. Voltage-clamp recordings from stratum radiatum interneurons in the presence of tetrodotoxin show that Avp directly induces a depolarizing current that is sensitive to an Avpr1a
antagonist. This Avp-induced depolarizing current arises from the inhibition of an unidentified background K + channel and requires G q/11
signaling but is independent of phospholipase C, intracellular Ca 2+ , and protein kinase C signaling. 145 Since Avp also enhances principal neuron excitability (see above), the Avp-induced enhancement of
GABAergic transmission likely provides a mechanism to fine tune network activity in the CA1 region.
Gamma oscillations and sharp wave ripples (SPW-R) are dependent on precisely tuned inhibitory transmission that establishes rhythmically synchronous neuronal activity, and both have been studied in the context of Oxtr signaling in hippocampal slice preparations. 68 One candidate mechanism that may account for Oxt-induced enhancement of DG neurogenesis is via CA3 Oxtr activation. 159 The CA3 area forms reciprocal connections with the DG that regulate neurogenesis. 160, 161 Knocking out the Oxtr from CA3 reduces both neurogenesis in and spontaneous EPSCs (sEPSCs) recorded from DG granule cells. Furthermore, chemogenetically reducing CA3 excitability of wildtype mice reduces DG neurogenesis whereas chemogenetic activation of CA3 in Oxtr knockout mice augments neurogenesis, 50 implicating a CA3-DG activity-dependent mechanism regulating DG neurogenesis.
Taken together, these studies show that hippocampal neurogenesis contributes to social information processing and is influenced by OxtOxtr signaling, possibly via an Oxt-induced enhancement of CA3 excitability.
In utero Oxt is neuroprotective during parturition via its interaction with hippocampal GABAergic transmission and it may also influence the development of glutamatergic connections into young adulthood. GABA is excitatory during fetal and perinatal periods whereas its actions are inhibitory in adult rodents. The perinatal excitatory action of GABA is due to higher intracellular Cl activity. 80 Thus, both Oxt and Avp play a critical role in regulating hippocampal activity during birth; however, the underlying mechanisms merit further investigation.
| CONCLUSIONS
The hippocampus is clearly a participating structure involved in the processing of social information for both rats and mice. Oxt-and Avpexpressing fibers are seen throughout the dorsoventral axis of the hippocampus in both species and the origin of these fibers is primarily the hypothalamus, although extrahypothalamic inputs are likely con- and is influenced by these social peptides, we will be in a better position to understand how social deficits arise from different social experiences over time and those deficits that stem from congenital defects.
